INTRODUCTION
The gas turbine engine design industry has successfully and with a high measure of safety designed engines based on the "safe-life" philosophy for decades. This philosophy assumes that the impact of processing and material behavior has been adequately captured in specimen and component tests and thus the material models derived from such tests are a sufficient representation of the material and processing condition in the component. These material models are then used in design at an acceptable minimum sigma level to arrive at a design fatigue life.
This approach, however, fails to take into account anomalous conditions that may exist during the material processing, manufacturing, and maintenance phases. These anomalous conditions occur infrequently and can be responsible for the introduction of anomalies that can degrade the structural properties of a component. Since these anomalies occur infrequently they are not usually present in specimen and component tests and thus are not reflected in the material design models. These anomalies have been responsible for safety related incidents.
As a result of incidents due to infrequent metallurgical (inherent) or manufacturing (surface) anomalies, the Federal Aviation Administration in association with the Rotor Integrity SubCommittee (RISC) of the Aerospace Industries Association (AIA) proposed enhancements to the "safe-life" approach specifically to take into account anomalous conditions (Leverant et al, 1997 (Leverant et al, , 2003 . The Turbine Rotor Material Design (TRMD) team consisting of Southwest Research Institute, General Electric, Honeywell, Pratt & Whitney, and Rolls Royce was formed to implement these enhancements and to conduct research and development in support of these enhancements. The TRMD team developed a probabilistic fracture mechanics tool DARWIN® that enables engine companies to design components against the risk of fracture from metallurgical or manufacturing defects.
The analysis methodologies in DARWIN have been documented extensively McClung et al, 1999; Wu et al, 1999 and . In addition, the TRMD team has exercised the inherent defect analysis methodology in DARWIN using a model test case. Results of sensitivity analyses and capability studies on the inherent test case analysis have been reported previously (Jameel et al, 2003; Enright et al, 2000) . An ANSYS 3D elastic-plastic model (Figure 3 ) of a wedge section of the disk was created and a contour plot of the maximum principal stress S1 is shown in Figure 4 corresponding to the point of maximum loading in the cycle.
Location 4 (indicated on the figure) was used for all sensitivity studies.
Location 4
Figure 4. Maximum principal stress at maximum loading
ANOMALY EXCEEDANCE CURVE
RISC-TEC has developed an anomaly exceedance curve and the development work has been reported elsewhere (Sub-team to the Aerospace Industries Association Rotor Integrity SubCommittee, 1997). For the purposes of all risk analyses reported in this paper, the anomaly exceedance curve shown in Figure 5 (appropriately modified to fit the DARWIN framework) will be used. 
PROBABILITY OF DETECTION (POD)
DARWIN has POD curves for various inspections (eddy current (EC), ultrasonic(UT), and fluorescent penetrant inspection (FPI)). The POD curves for eddy current, directed FPI, and full-field FPI inspections in DARWIN are given in Figure 6 . Figure 6 . The probability of detection curve for eddy current, directed FPI, and full-field FPI inspections (available in DARWIN)
MATERIAL PROPERTIES
The material for the test case rotor is Ti 6-4 Solution Treated and Aged, the physical properties are provided in (  Table 1 ) and the Ramberg-Osgood [Strain = (stress/E) + 0.002 X (Stress/YS)^N] relationship is used for uniaxial engineering stress-strain behavior (Figure 1 ). Crack growth properties for two R-ratios in the form of Paris equations are used as follows:
• R = 0: da/dN = 5.248 E-11 (∆K) 3.87
• R = -1: da/dN = 7.2684 E-12 (∆K) 3.87 Crack Location Gradient Figure 7 . The principal stress plane at location 4 including the bivariant stresses.
The DARWIN methodology for surface damage risk analysis using 3D finite element model consists of determining the principal stress plane at the point of interest and extracting the bivariant stresses at that point. In DARWIN, this is accomplished by a mouse-click at location 4 (Figure 4) , and the resultant principal stress plane is given in Figure 7 . As confirmation, the univariant stress gradient is extracted from the 3D model using ANSYS and compared with the univariant stress gradient obtained from DARWIN ( Figure 8 ).
The stresses in the maximum principal stress plane are then used to deterministically compute the crack growth life of an initial flaw (0.001 x 0.001 inches). The deterministic crack growth life calculation and its comparison with the Honeywell in-house code are given in Figure 9 . Notice that the crack growth life results at end of life are different. Such differences can arise due to differences in K-solutions used by the two different programs. However, notice that the crack growth prediction at 20,000 cycles is similar between the two solutions. The TRMD team in association with Southwest Research Institute realizes that these differences exist and is instituting benchmark crack growth testing program to develop crack growth curves with high fidelity that can be used to benchmark the various developed K solutions.
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1.E-01 Figure 9 . Comparisons of the deterministically calculated crack growth lives using DARWIN and the Honeywell in-house code The deterministic crack growth life is then combined with the defect exceedance curve to calculate the risk of fracture with the design life (20,000 cycles). The impact of inspections, either eddy current or fluorescent penetrant inspection in this case, at half-life (10,000 cycles) is calculated by determining the number of disks that would have been replaced at that inspection using that particular POD. Thus, risk of fracture with and without inspection is calculated. This type of result leads to determination of the efficacy of various types of inspection plans and the derived benefits. Again comparisons of the results with the internal Honeywell calculated risk of fracture results is shown in Figure 10 and shows good agreement. Further, the impact of various types of inspections on the POF is shown in Figure 11 . Figure 11 . The probability of fracture of location 4 on the bolthole test case shown for three different inspections applied at 10,000 cycles
DISCUSSION
The risk of fracture of the RISC-TEC bolthole test case due to surface damage has been evaluated using DARWIN and shows good agreement with internal Honeywell results. The impact of various inspections on risk of fracture shows the relative efficacy of the inspections with eddy current inspections at half-life giving the biggest benefit.
The goals of this exercise were two-fold: demonstration of the methodology and comparisons with independent solutions as a benchmark of the methodology. It has been demonstrated that DARWIN performs adequately to calculate risk of fracture and thus is applied to a highly stressed Honeywell bolthole to calculate risk of fracture and the results are given in the next section. 
ANALYSIS OF A HONEYWELL ENGINE HIGH ENERGY ROTATING COMPONENT DESCRIPTION
This section presents comparative results of a risk of fracture due to surface damage analysis of a bolthole in a high energy rotating turbine component. In design, delivery and support of turbine engine products, a material change for a component is sometimes necessary. This can arise because of field problems, desire to reduce weight or increase performance, and the necessity to field an engine with a higher low cycle fatigue life. Figure 13 . A 2D slice of the maximum principal stress plane at the life critical location Traditionally, in any such material change a designer would be asked to assess the impact of the change on the existing design requirements. Analysis of risk of fracture due to surface damage in machined features, however, is not one of the traditional design requirements. Thus, it is interesting to analyze a component, in which the material change passes all existing design requirements, from a surface damage risk of fracture perspective. This section describes such an effort in which a material change was made from Material A to Material B and all traditional design requirements were satisfied. Thus, the details of the additional surface damage risk analysis effort on this bolthole are provided here. To protect Honeywell intellectual property interests only comparative results between the two analyses are given in this paper.
Gradient Crack Location
The anomaly exceedance curve, POD (directed FPI), and analysis methodology are similar to the one described in the previous section.
RESULTS
A section of the bolthole is shown in Figure 12 and Figure 13 shows the maximum principal stress plane at the life critical location. The relative magnitudes of the maximum principal stresses at the life critical location are given in Figure 14 and Figure 15 shows the residual crack growth lives of either a 1 mil crack or a 15 mil crack. Even though the stress magnitude is less in the component manufactured with Material B, the crack growth life is also less. Thus, the fracture resistance properties of material B are less than that of material A. The impact of a 50% decrease in residual life on the risk of fracture is however much larger in magnitude (Figure 16 ). 
DISCUSSION
It is evident that the material change from material A to B impacted the state of stress and hence also manifested itself as a change in the risk of fracture and thus in risk. These differences in risk need to be accounted for in the design change process to ensure that the design requirements are met adequately. If the higher rate of fracture is acceptable in this design then there is no need to investigate methods to mitigate this risk. However, if the risk is not acceptable than various levels of inspections can be considered (Figure 17 ). For example, applying an eddy current inspection at half-life reduced the risk of fracture to a level commensurate with the risk before the material change.
CONCLUSIONS
The risk of fracture due to surface damage in a model test case has been analyzed using DARWIN and the results compare satisfactorily with the analyses conducted using Honeywell inhouse code. Further, a Honeywell highly stressed bolthole is analyzed for the impact on risk of fracture due to a material change. It is shown that designers will need to be cognizant of the impact of such a change on the risk of fracture 
